Abstract-Pressure ulcers are painful sores that arise from prolonged exposure to high pressure points, which restricts blood flow and leads to tissue necrosis. This is a common occurrence among patients with impaired mobility, diabetics and the elderly. In this work, a flexible pressure monitoring system for pressure ulcer prevention has been developed. The prototype consists of 99 capacitive pressure sensors on a 17-cm×22-cm sheet which is flexible in two dimensions. Due to its low cost, the sensor sheet can be disconnected from the reusable electronics and be disposed of after use, suitable for a clinical setting. Each sensor has a resolution of better than 2-mmHg and a range of 50-mmHg and offset is calibrated in software. Realtime pressure data is displayed on a computer. A maximum sampling rate of 12-Hz allows for continuous monitoring of pressure points.
I. INTRODUCTION
Pressure ulcers, also known as pressure sores or bed sores, are localized tissue damage resulting from prolonged exposure (˜1 hour) to excess pressure on weight bearing tissue which leads to restricted blood flow and tissue necrosis (cell death) [1] , [2] , [3] . Pressure ulcers frequently occur in patients with limited mobility, such as spinal cord or head injured patients confined to a bed or a wheelchair, anesthetized patients, and patients wearing casts or prosthetics.
In the U.S., pressure ulcers account for an estimated $11 billion in annual health care expenditure lagging only cancer and cardiovascular disease [3] . Pressure ulcers often develop while a patient is hospitalized for an unrelated treatment, and can increase the length of stay by up to five times [2] . It is generally accepted that prevention, rather than treatment, of pressure ulcers can reduce costs and spare patients from unnecessary pain and suffering [4] , [5] .
Current prevention strategies are either ineffective or too expensive to be widely used. Hospitals mandate that nurses perform manual repositioning of immobile patients every two hours, but this does not guarantee that harmful pressure will be relieved. Static support surfaces like mattress overlays filled with water, gel or foam are commonly used, but patients can still develop pressure ulcers if left unattended for extended periods. Dynamic support surfaces such as rotating beds and mattresses with alternating pressurized air sacs [6] can easily exceed $30,000 per unit, making them impractical on a large scale.
While the exact conditions for ulcer formation differ across individuals, pressures above arterial pressure of 32-mmHg will restrict blood flow [2] . The key problem is the inability of patients and caregivers to sense pressures applied to various parts of the patient's body. Commercial pressure mapping systems available from companies such as Tekscan [7] or XSensor [8] are generally very expensive (>$10,000) and are not intended for continuous pressure monitoring applications.
To address the lack of low-cost pressure monitoring solutions for hospitals, this paper presents a new cost-effective continuous pressure monitoring system that could be used to determine the magnitude, location and duration of pressure points applied to a patient. The system consists of a flexible pressure sensitive sheet made of a nylon substrate and embedded stainless steel electrodes which is comfortable to lie on and can be placed between the patient and the mattress. Due to its low cost of fabrication (<$50/m 2 ), the sheet is disposable and suitable for use in a hospital setting. A reusable electronic interface is used to process and display a real-time pressure map of the patient, providing valuable information to caregivers.
II. STRATEGY AND APPROACH

A. Capacitive Pressure Sensing
A parallel plate capacitor is used as the pressure sensing element, as shown in Fig. 1 . When pressure is applied, the dielectric thickness decreases and capacitance increases. By sensing the capacitance, the applied pressure can be extracted.
The dielectric of thickness d can be modeled as an elastic material using the spring equation, F = −k∆d, where F is the applied force, k is the spring constant of the dielectric and ∆d is the change in thickness. Assuming that the electrodes are rigid and the electrode area stays constant, a relationship 978-1-4244-3296-7/09/$25.00 ©2009 IEEE between pressure P and the relative change in capacitance ∆C/C is derived in (1) .
B. Capacitor Array
To sense pressure over a large area, an array of capacitors is used. The dielectric is sandwiched between rows of electrodes on one side and columns of electrodes on the other side as illustrated on the left of Fig. 2 . Parallel plate capacitors are formed wherever two electrodes overlap.
III. SYSTEM DESIGN
A system level block diagram is shown in Fig. 2 . A sheet of capacitive pressure sensors flexible in two dimensions is placed under the patient. Capacitance sensing is performed by an Analog Devices AD7147 16-bit capacitanceto-digital converter (CDC). A low power Texas Instruments MSP430F2274 microcontroller controls the measurement sequence. The digitized data is transmitted to a computer via a USB interface using a FT232 chip. A software GUI written in Visual Basic is used to plot the data in real time and post processing is done in Matlab. In order to interface the electronics with the sensor sheet, a USB-powered PCB was designed and is shown in Fig. 3(a) . The flexible pressure sensor sheet is shown in Fig. 3(b) .
A. Material Selection
A key functional requirement of the sensor is that it must be soft and flexible to maximize patient comfort. As such, the materials used must allow the entire sensor sheet to be flexible in two dimensions, much like a towel, in order to conform to the patient's body. 1) Dielectric: Considerations for the dielectric material selection include flexibility, capacitive range, repeatability and cost. In total, over 20 different materials ranging from plastics to fabrics to polymers were evaluated by testing the change in capacitance over a range of applied pressures. The pressure-capacitance curves for different materials are shown in Fig. 4 . A pressure sensitive nylon patch from Wrights R was found to have the best combination of characteristics. It is flexible, durable, inexpensive and absolute pressure can be measured beyond 40-mmHg without saturating, which is the highest of all materials tested. In addition, nylon is an engineered fabric which exhibits more repeatable behavior than natural fabrics.
2) Electrode: To maximize patient comfort, only thin and flexible materials were considered for the capacitor electrodes. The capacitor electrodes were made of 4-mils thick stainless steel discs, with the top and bottom electrodes being 10-mm and 13-mm in diameter respectively. The 3-mm difference in diameter was to allow for some alignment tolerance during fabrication. A circular electrode was selected to avoid any protrusions that may cause the patient any discomfort. The discs were connected in rows and columns with 5-mm wide flexible conductive tape as shown on the right of Fig. 5 .
B. Flexible Sensor Assembly
The process for assembling the flexible sensor array is illustrated in Fig. 5 . In steps (a) and (b), the electrodes and conductive tape were arranged in columns and rows respectively and adhered to two separate sheets of nylon. The two sheets were sandwiched and flipped together in (c) and a bottom layer of nylon was added in (d) to insulate the bottom electrodes. Nickel plated conductive fabric was added in (e) to serve as a conductive shield, and a final outer layer of nylon was added in (f) to insulate the entire structure.
C. Circuit Design
A simplified schematic of the capacitor array and its control circuitry is shown in Fig. 6 . The capacitors are arranged in a 11×9 array, where each unit capacitance C x,y in row x and column y depends on the pressure applied there. The capacitances are polled and digitized one at a time by the CDC. The CDC senses capacitance by using a 250-kHz excitation signal to dump charge onto the capacitor and a 16-bit analog-to-digital converter outputs a value proportional to the capacitance to ground. The columns are multiplexed by using one SN74LVC1G3157 2:1 multiplexer per column. The update rate for each column is programmable from 9 to 36-ms. At its highest rate, the entire array is scanned every 81-ms for a sampling rate of 12-Hz.
The remainder of this section will discuss how aggressors such as array parasitics and noise from the environment were mitigated.
1) Array Parasitics: Due to the structure of the capacitor array, parasitic capacitances from the neighboring rows and columns must be shielded. Each CINx pin of the AD7147 chip can be either connected to the 250-kHz excitation signal or an internal low impedance BIAS voltage (V CC /2). The AD7147 chip also has an AC SHIELD output which is a replica of the excitation signal that can be used to shield the capacitor of interest from any parasitics. To digitize the value of capacitor C x,y , row x is connected to the excitation signal and column y is grounded. All other rows are connected to BIAS and all other columns are connected to AC SHIELD . This is shown in Fig. 6 for C 2,3 and the equivalent circuit of the array is shown in Fig. 7 . The only capacitance between the excitation and ground is the desired capacitance C x,y . The parasitic capacitances from all other columns, C p,col are shielded out. The parasitic capacitances from all other rows, C p,row are between a low impedance node and ground and do not affect the CDC conversion. Note that there is a large parasitic capacitance from AC SHIELD to BIAS, C p,aux , but this also does not affect the CDC conversion because of the shield.
2) Noise Shielding: Noise coupled from the environment (e.g. 60-Hz power line noise) must also be minimized. This can be modeled by coupling capacitors above and below the sensor array as shown in Fig. 7 . To prevent excessive noise from disturbing the conversion, a flexible nickel plated conductive fabric driven by AC SHIELD was used to shield the entire array.
IV. RESULTS AND DISCUSSION
An example pressure mapping of a hand is shown in Fig. 8 . The GUI shows the pressure in units of mmHg for each sensor and Matlab post processing is used to generate a pressure map. Table I summarizes the performance of the system compared to existing solutions.
Sensor offset exists due to variation in wire length and width, PCB trace mismatch and electrode size variation. These sources of offset lead to varying baseline capacitances for each sensor which must be calibrated out at start-up. Calibration was done in Visual Basic by storing the no-load capacitance and subtracting it from all subsequent conversion results.
Cycling tests with pressure on and off were performed for two hours as shown in Fig. 9 (a). The measured pressure had a mean of 42-mmHg and a standard deviation of 1.6-mmHg which shows good repeatability.
Drift was also measured on multiple sensors by applying 50-mmHg of pressure over the course of one hour. The percentage drift versus time is shown in Fig. 9(b) . An average drift of 7.38% was measured which is slightly greater than the drift reported in [5] and [8] .
Finally, the effect of sensor hysteresis on the pressurecapacitance curve is illustrated in Fig. 10(a) . Multiple sensors were tested and the average hysteresis was determined to be less than 10% of the available range. The time required for a sensor to return to its baseline capacitance after a sensor activation is also plotted in Fig. 10(b) . The relaxation time is typically on the order of a few minutes and is a short term effect when compared to the time scale of pressure ulcer formation (hours).
Limitations with this version of the prototype include sensor-to-sensor variation and baseline drift. In future versions, periodic re-calibration of individual sensors can mitigate sensor drift due to varying environmental conditions. Furthermore, the power consumption of the electronics can be optimized and wireless capabilities can be added for wheelchair or prosthesis applications.
V. CONCLUSION
A flexible, inexpensive, continuous time pressure monitoring system for pressure ulcer prevention has been presented. Due to its simple design using inexpensive materials, the sensor sheet is disposable. The low system cost provides hospitals with a viable pressure monitoring solution which can be used ubiquitously.
Finally, preliminary plans are being made to validate the prototype on burn victims and infants at Shriners Hospitals for Children in Boston, MA. 
